Thalamic projection neurons represent a major source of nociceptive information from the dorsal horn to higher centers of the neuraxis. The synaptic relationship between thalamic projection neurons and the opioid peptide enkephalin (ENK) was examined at the light (LM) and ultrastructural (EM) level using the combined techniques of retrograde transport of horseradish peroxidase and ENK immunocytochemistry. Utilizing two different chromogens to develop the peroxidase reaction product, the two labeled neural elements could be readily distinguished at the LM level in the same tissue section. In the medullary, cervical, and lumbar levels of the dorsal horn of both the cat and monkey, at least 30% of the thalamic projection neurons in lamina I were observed at the LM level to be contacted by ENK-immunoreactive varicosities. In lamina V, approximately 50% of the thalamic projection neurons received ENK contacts. Since some neurons were not observed to receive a dense ENK innervation on their somata and proximal dendrites, these data suggest that there may be different functional types of thalamic projection neurons. At the EM level, the ENK-immunoreactive varicosities were observed to form asymmetrical synaptic contacts on the labeled somata and proximal dendrites of the projection neurons. In all cases, the ENK varicosities were morphologically similar and contained round or oval agranular vesicles and a few dense-core vesicles. These observations suggest that ENK acts to a substantial degree on postsynaptic opiate receptors located on thalamic projection neurons.
Thalamic projection neurons represent a major source of nociceptive information from the dorsal horn to higher centers of the neuraxis. The synaptic relationship between thalamic projection neurons and the opioid peptide enkephalin (ENK) was examined at the light (LM) and ultrastructural (EM) level using the combined techniques of retrograde transport of horseradish peroxidase and ENK immunocytochemistry. Utilizing two different chromogens to develop the peroxidase reaction product, the two labeled neural elements could be readily distinguished at the LM level in the same tissue section. In the medullary, cervical, and lumbar levels of the dorsal horn of both the cat and monkey, at least 30% of the thalamic projection neurons in lamina I were observed at the LM level to be contacted by ENK-immunoreactive varicosities. In lamina V, approximately 50% of the thalamic projection neurons received ENK contacts. Since some neurons were not observed to receive a dense ENK innervation on their somata and proximal dendrites, these data suggest that there may be different functional types of thalamic projection neurons. At the EM level, the ENK-immunoreactive varicosities were observed to form asymmetrical synaptic contacts on the labeled somata and proximal dendrites of the projection neurons. In all cases, the ENK varicosities were morphologically similar and contained round or oval agranular vesicles and a few dense-core vesicles. These observations suggest that ENK acts to a substantial degree on postsynaptic opiate receptors located on thalamic projection neurons.
The spinothalamic and trigeminothalamic tracts are responsible for the transmission of nociceptive information from the dorsal horn rostrally to higher centers of the neuraxis. It is primarily a contralateral system whose cells of origin are concentrated in laminae I and V of the dorsal horn (Carstens and Trevino, 1978; Hockfield and Gobel, 1978; Burton and Craig, .1979; Giesler et al., 1979; Willis et al., 1979) . The majority of neurons are either nociceptive-specific, responding exclusively to noxious stimuli, or wide dynamic range, responding to both noxious and non-noxious stimuli (Trevino et al., 1972; Willis et al., 1974; Price et al., 1976 Price et al., ,1979 Geisler et al., 1976; Kenshalo et al., 1979) . Enkephalin (ENK) is an opioid peptide which is one of the endogenous ligands for opiate receptors. It is present in all laminae of the dorsal horn but is most concentrated in laminae I, II, and V (Hokfelt et al., 1977; Sar et al., 1978; Uhl et al., 1979; Glazer and Basbaum, 1981; Hunt et al., 1981; Bennett et al., 1982) . It originates mainly from intrinsic dorsal horn neurons (Seybold and Elde, 1980; Hunt et al., 1981; Ruda et al., 1983) . Enkephalin has been shown to inhibit the responses of 'We wish to thank Emma Humphrey for her expert technical assistance, Drs. G. J. Bennett, M. Hoffert, V. Miletic, and T. Sugimoto for their careful review of the manuscript, and E. Welty for typing it.
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dorsal horn neurons to noxious stimulation and the behavioral response to noxious stimulation (Duggan et al., 1977; Yaksh et al., 1977; Randic and Miletic, 1978; Satoh et al., 1979; Zieglgansberger and Tulloch, 1979) . Both a postsynaptic and a presynaptic mechanism of action have been proposed. The postsynaptic hypothesis is strongly supported by morphological observations which demonstrate that the preponderance of ENK varicosities form synapses on dendrites and cell bodies of dorsal horn neurons (Hunt et al., 1980; Aronin et al., 1981; Sumal et al., 1982, Glazer and Basbaum, 1983; LaMotte and delanerolle, 1983) . Physiological observations of the suppression of glutamate-evoked excitation by ENK (Zieglgansberger and Tulloch, 1979; Willcockson et al., 1984b) provide further support. Evidence in support of a presynaptic site of action of ENK derives from opiate receptor binding and electrophysiological studies on primary afferent fibers (LaMotte et al., 1976; Hiller et al., 1978; MacDonald and Nelson, 1978; Mudge et al., 1979; Fields et al., 1980; Nagy et al., 1980) . However, the presynaptic hypothesis lacks morphological support in that double-label experiments have failed to identify synaptic contacts between labeled enkephalin and labeled primary afferent terminals (Hunt et al., 1980; Sumal et al., 1982) .
In an effort to identify the postsynaptic site of action of opiates, we have investigated the potential synaptic interaction between thalamic projection neurons and ENK. Thalamic pro-2117 2118 Ruda et al. Vol. 4, No. 8, Aug. 1984 jection neurons were labeled by retrograde transport of horseradish peroxidase (HRP), while ENK varicosities were identified with peroxidase-antiperoxidase (PAP) immunocytochemistry. The combination of these two techniques in the same experiment offered a unique approach to identifying the underlying components of dorsal horn neural circuitry involved in opiate modulation.
We have been able to quantify the distribution of ENK contacts on thalamic projection neurons and have demonstrated at the EM level that these contacts are associated with synaptic specializations.
The current study extends our previous analysis of ENK innervation of lamina V thalamic projection neurons (Ruda, 1982) by examining projection neurons in other laminae of the cat in addition to comparing these findings to ENK innervation of the thalamic projection neurons in the monkey.
Materials and Methods
Experiments were conducted on five cats and two monkeys (Macaca mu&a).
Several large injections of a 50% solution of HRP (Sigma, type VI) in distilled water were made into the thalamus using a 10.~1 Hamilton syringe attached to a stereotaxic frame. The injection sites were selected from coordinates in the atlases of Snider and Neimer (1961) and Snider and Lee (1961 extending caudal to the magnocellular part of the medial geniculate body. The injection sites were localized to the more lateral parts of the thalamus, and in only one case (see Fig. 1 , cat C3) did they encroach upon the midline nuclei. All injection sites Vol. 4, No. 8, Aug. 1984 resulted in labeled neurons which received a variable number of ENK contacts. Thus, some neurons which are innervated by ENK varicosities most likely send at least part of their terminal axonal arbor to the lateral thalamus. The retrogradely labeled projection neurons contained a variable amount of reaction product. Even in the same tissue section, adjacent neurons exhibited a differential intensity of staining (Fig. 3F) . In lamina V, some of the most lightly labeled neurons also received the greatest number of contacts from immunocytochemically labeled ENK varicosities (Fig. 3, A and E). In contrast, the most darkly labeled projection neurons were almost never heavily contacted by ENK varicosities (Fig.  3G) . Rather, they received few ENK contacts, often out on their dendrites. In lamina I, the amount of retrograde reaction product was also variable among the labeled neurons. However, no striking preference for ENK contacts on the more lightly labeled neurons was observed. The variable density of retrograde labeling of the neurons in our sample may, in part, reflect the amount of axonal plexus that distributed within the confines of the injection site.
Lamina I thalamic projection neurons. Lamina I projection neurons in both the medullary (MDH) and spinal (SDH) dorsal horns of cat and monkey were contacted by ENK varicosities. The projection neurons were located at varying sites along the curve of the MDH but were particularly numerous in that part of lamina I that is somewhat separated from the rest of the dorsal horn by the spinal tract of V. In the SDH, they appeared to be concentrated under Lissauer's tract. The projection neurons receiving ENK input represented roughly one-third of the total population of lamina I projection neurons we examined (Table I) . They included large and small bipolar neurons, as well as an occasional multipolar neuron (Fig. 4) . Some of the larger (shortest diameter 20 to 30 pm) lamina I projection neurons received the greatest number of contacts from ENK profiles, while the small (shortest diameter 10 to 15 pm) bipolar projection neurons received few if any contacts (Fig. 5 ). Although most of the retrogradely labeled lamina I neurons contained reaction product only in their somata, some neurons were labeled out into their proximal dendrites (Fig. 4) . We observed that the proximal dendrites and the somata of some of these neurons received numerous contacts which outlined the perimeter of the cell soma and dendrites (Fig. 4, A and E) . This type of relationship represented only a small proportion of the lamina I neurons in our sample. It was more common to see lamina I projection neurons with three or fewer ENK contacts on their somata and an additional three or four ENK contacts on their proximal dendrites (Fig. 4, B and D) . Additionally, some lamina I projection neurons (approximately twothirds of the total sample, see Table I) were not observed to be contacted by ENK profiles on their somata or labeled dendrites. These observations suggest that the lamina I thalamic projection neurons, which receive ENK input proximally, represent a subpopulation of all lamina I projection neurons. Additionally, our observations indicate that there is a differential proximal density of ENK input onto neurons in this class. Some lamina I thalamic projection neurons receive numerous ENK contacts, some receive few, and some were not contacted at all. Ultrastructural analysis of lamina I projection neurons in the cat confirmed our LM observation of ENK contacts onto the retrogradely labeled neurons (Fig. 5A) . The ENK varicosities were dome-shaped, ranged from 0.8 to 2.8 pm along their long axes, and formed slightly asymmetrical synaptic contacts (Fig.  6 ). They contained mainly round or oval agranular vesicles and an occasional dense-core vesicle (Fig. 6) . The PAP reaction product was associated with each of these vesicle types as well as the outer mitochondrial membrane. What appeared to be ENK-immunoreactive intervaricose portions of unmyelinated axons were commonly encountered in the vicinity of the ENK varicosity (Fig. 5A) . In serial section analysis, the ENK varicosity could sometimes be traced back to such a labeled profile.
A bipolar lamina I projection neuron which received numerous ENK synapses is illustrated in Figure 5A . The neuron measured 35 x 22 pm and had a slightly indented nucleus and an occasional short, stubby somatic spine. On the half of the cell that was semiserially examined, 14 ENK-immunoreactive varicosities made synaptic contact. This number is an underestimate of the total somatic ENK input since the limited penetration of the antibody confined the immunoreactivity to 1 to 2 pm on the surface of the section. The ENK profiles contacting this neuron were far outnumbered by unlabeled, vesicle-containing varicosities (Fig. 5A, inset) . Some of these were dome-shaped and synapsed only on the labeled neuron, while others were central endings with a surrounding glomerulus formed of multiple synapses on adjacent unlabeled dendrites as well as the cell soma. A large number of the unlabeled varicosities contained pleomorphic agranular vesicles. However, some contained round or oval vesicles and were morphologically identical to the ENK-immunoreactive profiles. This observation suggests that some unlabeled endings with round or oval vesicles which synapse on projection neurons contain a neurotransmitter other than ENK. In addition to this rather large thalamic projection neuron, we examined four small thalamic projection neurons in lamina I whose short diameters ranged from 10 to 15 pm. Although our LM analysis demonstrated that some small thalamic projection neurons received a few ENK somatic contacts, the four neurons we examined ultrastructurally
were not observed at the LM level to have ENK contacts. We were unable to recover ENK contacts onto any small projection neurons in tissue sections processed for EM immunocytochemistry.
This failure may be due in part to a fundamentally different somatic innervation pattern between the large and small projection neurons we examined. In contrast to the numerous somatic contacts on the large projection neuron, all small projection neurons in our sample were sparsely innervated on their somata (Fig. 5B ). The paucity of somatic contacts on these cells would greatly reduce the likelihood that one would be in the small window of immunoreactivity present in our EM tissue, thus reducing our chance of recovering an ENK contact. These small cells were characteristically ensheathed by glial processes which were full of filaments. They received two or three synaptic contacts on an isolated part of their perimeters, often at the base of their primary dendrites. Most of the axonal endings contacting the cells had pleomorphic vesicles (Fig. 5B) , although an occasional round or oval vesicle-containing ending resembling the ENK endings was also present. Synaptic contacts were symmetrical or slightly asymmetrical and occasionally exhibited a prominent subsynaptic density.
Lamina V thalamic projection neurons. Lamina V thalamic projection neurons in the cat and monkey represented the largest class of neurons which received ENK contacts (> 50% of the total number of projection neurons in a given lamina; see Table I ). They were located in the lateral to middle (Fig.  3C ) part of lamina V and were sometimes found in the adjacent lateral white matter at both MDH and SDH levels. Although both multipolar and bipolar projection neurons were labeled, most of the neurons which received ENK contacts were multipolar in shape (Fig. 7) . The density of ENK contacts was variable on a given cell type. Many of the large multipolar neurons were often encrusted with ENK varicosities along their somata in lamina V (Fig. 7 , A and E) and their dendrites which could be followed dorsally into lamina IV and ventrally into lamina VI (Figs. 3C and 7E) . A second group of multipolar neurons received few proximal contacts which were distributed widely separated on their somata and proximal dendrites (Fig.  7 , B and C). The occasional bipolar neuron that received an ENK contact usually had only one or two contacts on its soma or out on its dendrites (Fig. 70) .
We observed ENK contacts onto more than half of the labeled projection neurons in lamina V. Although most of the neurons which did not have ENK contacts were of the bipolar type, a significant number were multipolar and in all respects morphologically identical to the multipolar neurons which received ENK contacts. These observations suggest that we are not dealing with a homogeneous population of projection neurons. Rather, despite the morphological similarities, a functional difference must exist with respect to ENK modulation in lamina V.
A total of seven lamina V thalamic projection neurons were examined ultrastructurally.
Six cells were multipolar neurons which received synapses from ENK varicosities.
At least 5 ENK varicosities and as many as 31 ENK varicosities were recovered contacting these neurons at the EM level. The morphology of the ENK varicosities was essentially identical to that in lamina I. The endings contained round or oval agranular vesicles (Figs. 8 and 9 ), a few dense-core vesicles (Fig. 9) , and large round clear vesicles (Fig. 8) . The PAP reaction product was often unevenly distributed within the ending, and in serial sections of some endings large aggregates of vesicles in isolated areas were devoid of reaction product (Figs. 8B and 9 ). The ENK varicosities typically formed an asymmetrical synapse which sometimes displayed a prominent subsynaptic density (Fig. 8B) . The synaptic specialization occupied only a small portion of the surface area of the ENK varicosity which abutted the cell surface. Occasionally, the larger ENK varicosities were observed in serial sections to form more than one synaptic specialization as well as a punctum adhaerens on the same neuron (Fig. 8B) .
In addition to the ENK varicosities, the multipolar neurons (Fig. 1OA ) in lamina V were typically surrounded by numerous unlabeled varicosities which contained either round, oval, or pleomorphic agranular vesicles. As in lamina I some of these unlabeled endings were morphologically similar to the labeled ENK varicosities. However, since they were not immunocytochemically labeled, they likely contain a different neurotransmitter.
The multipolar neurons which received ENK input had a moderate cytoplasmic density and either an unindented or 2124 Ruda et al. Vol. 4, No. 8, Aug. 1984 Figure 5 The slightly indented nucleus with a prominent nucleolus. The cell soma long diameter ranged from 25 to 40 pm. A few somatic spines were present, and in one instance spines were observed to receive synapses from an ENK varicosity (Fig. 9 ). Although our sample of multipolar lamina V projection neurons included cells from both the MDH and SDH, no apparent morphological differences were detected. Additionally, the morphological observations were essentially identical in both the cat and monkey. One bipolar lamina V projection neuron was examined at the EM level (Fig. 10B) . This cell was typical of those which were observed, at the LM level, to be contacted occasionally by ENK varicosities. At the ultrastructural level, we did not recover any ENK contacts on this neuron. In contrast with the glia-ensheathed small bipolar projection neurons in lamina I, this neuron received numerous synaptic contacts from unlabeled varicosities along its soma and proximal dendrite.
Thalamic projection neurons in other laminae of the spinal cord. Retrogradely labeled projection neurons were observed at the LM level in laminae II, VI, VII, VIII, and X of the cervical and lumbar enlargements of both species. Projection neurons in laminae VII in the cat and monkey lumbar and cat cervical spinal cord were numerous while projection neurons in the other laminae were few in number. In contrast to projection neurons in laminae I and V, the labeled neurons in these other laminae uniformly received few if any contacts from immunocytochemically labeled ENK varicosities. These projection neurons were never found to be densely innervated by ENK terminals along their somata and proximal dendrites. Rather, an occasional ENK varicosity was observed at the LM level to contact the soma or a labeled proximal dendritic branch at some distance from the soma. These observations of differential ENK innervation of projection neurons in different laminae suggest that thalamic projection neurons have unique distinguishing functional characteristics. A subpopulation of thalamic projection neurons in Several immunoreactive profiles which appear to be the intervaricose portion of unmyelinated axons were nearby (curued arrows).
The while others had few (B and C). Some of the most heavily contacted neurons had a dorsally directed dendrite which could be followed into lamina IV (E). Most lamina V cells which receive ENK contacts were multipolar (A to C and E), although bipolar neurons occasionally received contacts (D). The neuron shown in E was sectioned through the nucleus (dear circular area) and appears as a photomicrogaph in Figure  3C . The scale bar represents 10 pm. laminae I and V receive dense ENK input onto their somata Discussion and proximal dendrites. These neurons also may receive ENK input onto their distal dendrites as well. The paucity of ENK The present study has identified a major postsynaptic target contacts on the somata and proximal dendrites of other thafor opioid modulation in the dorsal horn. Immunocytochemilamic projection neurons, especially those located in the deeper tally labeled ENK axonal endings were identified synapsing on laminae, suggests that opiate modulation of this class of proretrogradely labeled thalamic projection neurons. The obserjection neurons, if present, only occurs on more distal sites in vations were consistent throughout the medullary, cervical, and the dendritic tree.
lumbar dorsal horns of both the cat and monkey. Several endings which synapsed on thalamic projection neurons in lamina V contained mainly round agranular synaptic vesicles. They appeared to form either slightly asymmetrical synaptic contacts (arrow in A) or an asymmetrical synaptic specialization with a prominent subsynaptic density (solid arrow in B). The synaptic specialization was typically small, and in certain large endings more than one synaptic site was found (arrows in I?). The immunocytochemical reaction product was unevenly distributed within the labeled endings, sometimes with dense vesicle accumulation at the synapse (arrowhead in A), while in other instances the label was concentrated in another part of the varicosity at some distance from the synapse (arrowheads in B). The ENK-immunoreactive endings in both A and B were taken from lamina V in the cat MDH. Magnifications (A) X 50,700 and (B) X 27,600. The scale bar represents 0.5 pm.
Fzgure 9. Immunocytochemically labeled ENK ending which synapsed on two somatic spines (S) of a lamina V thalamic projection neuron in the lumbar enlargement of the monkey. In addition to the round agranular synaptic vesicles, a few dense-core vesicles were present (arrowheads). The lmmunocytochemlcal reaction product appeared to be particularly associated with the dense-core vesicles. Magnification x 60,450. The scale bar represents 0.5 pm. observations suggest that there may be functional differences within the class of thalamic projection neurons. The thalamic projection neurons which are most conspicuously contacted by ENK terminals are concentrated in laminae I and V. A striking density of ENK contacts occurs proximally on these neurons. In contrast, thalamic projection neurons in other laminae do not appear to have proximal ENK contacts. However, they may receive ENK contacts more distally, on portions of their dendrites which were not retrogradely labeled.
Within laminae I and V, projection neurons which receive ENK input are not easily divided on the basis of the morphology of their cell bodies. Both large and small, multipolar and bipolar neurons receive ENK contacts. There is a tendency to find more somatic contacts on the larger projection neurons in lamina I, although many small neurons receive numerous ENK contacts on the most proximal portion of their dendrites as they emanate from the cell soma proper. In lamina V, there are more multipolar thalamic projection neurons in our sample than bipolar neurons. These multipolar neurons make up the majority of the projection neurons which receive ENK contacts, especially those with the densest pattern of innervation.
However, it is not uncommon to see morphologically similar neurons with patterns of ENK contacts which vary with respect to number and location. The functional significance of the variable ENK contact pattern can only be speculated. Based on previous physiological studies, neurons in each of these categories may be either wide dynamic range or nociceptive-specific. Thus, it is likely that these two classes of nociceptive neurons are modulated by ENK rather than a single physiological class of cell exclusively receiving proximal ENK input.
Validity of double-label experiments. Sequential double labeling of neural elements allows one to address complex issues of neural circuitry which are fundamentally important to all aspects of the nervous system. In designing double-label experiments it is crucial to have a readily distinguishable marker which can be unequivocally localized at the LM and EM level as originating from only one source. Use of retrograde transport to mark neurons is particularly useful since it provides information concerning the axon terminus of the neurons we are studying as well as somatic morphology and location within the neuropil. Immunocytochemical labeling of afferent axons provides identification of neurotransmitters which directly modulate the output of the neuron as well as demonstrating their pattern and density of innervation.
At the LM level, the combination of retrograde transport of HRP and immunocytochemistry provides markers which vary with respect to color and size of the labeled profile. At the EM level, the retrograde granules are distinct from the flocculent PAP reaction product which marks the labeled axon terminals. The retrograde marker within neurons is also distinguishable from immunocytochemical label within a cell soma because of its more granular nature as opposed to the flocculent immunocytochemical stain. The retrograde marker can be distinguished from lysozomes and lipofuscin granules by its denser electron opacity which can be readily seen prior to lead staining of the tissue and to a certain extent, even after the lead stain.
Although the distinctive markers make this double-label paradigm particularly attractive to address questions of neural circuitry, some technical aspects limit its usefulness. The retrograde labeling of neurons is limited in that only the soma and proximal dendrites of the labeled neurons contain reaction product, prohibiting analysis of afferent input onto the greatest part of their dendritic arborization. The insoluble, electrondense DAB reaction product provides the least sensitive development of retrograde marker, implying that neurons which contain only a small amount of HRP might be so lightly labeled as to not be readily seen at the LM level.
Immunocytochemical labeling of afferent input has two major constraints: preservation of antigenicity and penetration of the antibody through the tissue section. It is possible that development of the retrograde reaction product in cobalt chloride-intensified DAB results in some loss of antigenicity. The immunocytochemically stained tissue sections appear to have a somewhat less dense staining pattern in double-labeled as compared to single-labeled material. The decreased immunocytochemical stain might result in an underestimate of the number of afferents which contact a given neuron.
Penetration of the antibodies is a significant problem at both the LM and EM level. At the LM level, a detergent is used for membrane disruption as an aid to penetration. To quantify the frequency of contacts between the labeled elements, the antibody must penetrate the entire section thickness. It appears that 50 Frn is about the upper limit for penetration in our system. At the EM level, no penetrating agents are used in an effort to preserve membrane structure which has already been compromised by the hydrogen peroxide in the two DAB solutions. Ultrastructurally, antibody labeling is confined to a l-to 2-Frn window on the surface of the tissue. In random sectioning of the tissue, few retrogradely labeled neurons occur within the window of immunoreactivity, greatly reducing the likelihood of recovering an immunocytochemically labeled synaptic contact on a given neuron. Thus, it is crucial that part of the retrogradely labeled neuron be on the surface of the tissue. Screening of the tissue at the LM level prior to embedding for EM analysis aids in the recovery of appropriately labeled relationships. Postsynaptic site of action of enkephalin.
A postsynaptic site of action of enkephalin is strongly supported by physiological and morphological evidence. Glutamate-evoked excitation of (Zieglgansberger and Tulloch, 1979; Willcockson et al., 1984b) . Glutamate produces postsynaptic membrane depolarization associated with an increase in permeability to sodium ions, and this effect is blocked by enkephalin. Enkephalin has no detectable effect on the resting membrane potential or membrane resistance of spinal neurons in uiuo or grown in tissue culture (Barker et al., 1978; Zieglgansberger and Tulloch, 1979) , although it produces membrane hyperpolarization by increasing the potassium conductance of locus ceruleus and substantia gelatinosa neurons studied in tissue brain slices (Williams et al., 1982; Yoshimura and North, 1983) . Thus, enkephalin may alter specific ionic conductances like other transmitters or exert a neuromodulatory role without any direct effects on membrane polarization or ionic conductances. A postsynaptic role of enkephalin is also supported by its nonspecific inhibitory effects on dorsal horn responses to both non-noxious and noxious stimuli (Duggan et al., 1977; Zieglgansberger and Tulloch, 1979; Willcockson et al., 1984b) . The most parsimonious explanation for such nonselective effects on non-noxious and noxious input is that proximally located enkephalin synapses on cell somata and dendrites effectively shunt excitatory input originating on more distal portions of the dendritic tree.
Ultrastructural studies of enkephalin in the dorsal horn indicate that the majority of enkephalin terminals are presynaptic to dendrites in the dorsal horn (Hunt et al., 1980; Aronin et al., 1981; Sumal et al., 1982; Glazer and Basbaum, 1983; LaMotte and delanerolle, 1983) . The present study has revealed that one major postsynaptic target of these enkephalin terminals is thalamic projection neurons in laminae I and V. The enkephalin terminals contain mostly round agranular vesicles and are associated with an asymmetrical synaptic specialization at the site of contact with the postsynaptic cell. These findings support the idea that enkephalin is released at such specializations where it binds to opiate receptors on the postsynaptic target.
The evidence for a presynaptic site of action of enkephalin originates mainly from findings of opiate receptors on primary afferent fibers and electrophysiology studies (LaMotte et al., 1976; Jesse11 and Iversen, 1977; Hiller et al., 1978; MacDonald and Nelson, 1978; Carstens et al., 1979; Mudge et al., 1979; Sastry, 1979; Fields et al., 1980; Nagy et al., 1980; Woolf and Fitzgerald, 1982) . However, there is only meager ultrastructural evidence for axoaxonic or dendroaxonic synaptic specializations between enkephalin profiles and primary afferent terminals. In studies in which primary afferent terminals and enkephalin endings are specifically labeled, there is no evidence for synaptic specializations between the two processes (Hunt et al., 1980; Sumal et al., 1982) . In single-label studies in which certain profiles are assumed to be primary afferent terminals according to Ralston's (1979) criteria, axoaxonic contacts are extremely rare (Aronin et al., 1981) , questionable (LaMotte and delanerolle, 1983), or not present (Hunt et al., 1980; Glazer and Basbaum, 1983) . Enkephalin-containing dendrites shown to receive contacts from profiles of possible primary afferent origin never exhibit specializations in which the enkephalin terminal is presynaptic, even after serial sectioning (Bennett et al., 1982; Glazer and Basbaum, 1983) . In view of these findings it is necessary to postulate that enkephalin is not released at sites of synaptic membrane specializations and that it acts by binding to opiate receptors located remote from its site of release. The well documented morphological evidence for enkephalin release at postsynaptic sites of membrane specializations argues against such an hypothesis. In summary, a morphological substrate for the postsyilaptic action of enkephalin exists and is strongly supported by physiological evidence. In contrast, there is still some doubt whether opioid peptides have a presynaptic action at the central terminals of primary afferent neurons in the intact dorsal horn.
Local circuit neurons mediating enkephalin input on thalamic projection neurons. Studies of ENK in the dorsal horn following spinal transections reveal a negligible decrease in ENK immunoreactivity (Seybold and Elde, 1980; Hunt et al., 1981; Ruda et al., 1983) , suggesting that most of the ENK in the dorsal horn originates from intrinsic neurons. In cats treated with colchicine to enhance cell body immunoreactivity, many ENK-containing neurons are found in laminae I, II, III, and V (Glazer and Basbaum, 1981; Hunt et al., 1981; Bennett et al., 1982) .
ENK-containing neurons in lamina I are distinct from thalamic projection neurons since they are not retrogradely labeled from the thalamus (Basbaum, 1982) . The thalamic projection neurons form a thin band superficial to the ENK-containing non-projection neurons (Basbaum, 1982) . Lamina I neurons with local axon collaterals are reasonable candidates for the ENK-containing lamina I neurons (Bennett et al., 1981a) . Their axon terminals arborize in lamina I among the dendritic arbors of the thalamic projection neurons. A second candidate neuron mediating ENK input on the lamina I projection neurons are lamina II, ENK-containing stalked cells whose axons arborize extensively in lamina I (Bennett et al., 1332) . These proposed circuits are exclusively nociceptive (excluding thermoreceptive neurons) since all lamina I neurons and stalked cells respond maximally to noxious input (Willis and Coggeshall, 1978; Bennett et al., 1980 Bennett et al., . 1981a Hoffert et al., 1983) . Such nociceptive circuits may meoiate naloxone-sensitive, long-lasting inhibition of lamina I projection neurons produced by Cfiber strength electrical stimulation in monkeys (Chung et al., 1982) . They also may provide the morphological basis for naloxone-sensitive analgesia produced by intense transcutaneous electrical stimulation or acupuncture in humans (Mayer et al., 1976; Sjolund and Eriksson, 1979) .
A-beta or C fiber electrical stimulation in spinalized animals also produces a naloxone-sensitive inhibition of evoked activity in lamina V neurons (Woolf and Fitzgerald, 1982) and projection neurons (Chung et al., 1982) . These effects may involve ENK-containing non-nociceptive lamina III neurons (Bennett et al., 1981b) or nociceptive lamina V neurons that can provide ENK input to the soma and proximal dendrites of lamina V thalamic projection neurons. Intrinsic ENK-containing neurons in these deeper laminae also may play a role in opioid modulation of nociceptive reflexes in spinal cats and paraplegic humans (Willer and Bussel, 1980; Chung et al., 1983) .
Functional implications of ENK input on thalamic projection neurons. Previous studies have shown that iontophoretically administered ENK has predominantly an inhibitory effect on spinal dorsal horn neurons in laminae I and V (Duggan et al., 1977; Randic and Miletic, 1978; Zieglgansberger and Tulloch, 1979; Willcockson et al., 1984b) . These laminae are the major terminal zones of nociceptive primary afferents (Light and Perl, 1979; Dubner and Bennett, 1983) , and neurons in these locations respond maximally to tissue damaging stimuli, suggesting that ENK plays a prominent role in modulating the output of neurons involved in the transmission of nociceptive information. Directly relevant to the present study are the findings of Willcockson et al. (1984b) that iontophoretically applied ENK inhibits the responses of thalamic projection neurons in monkey laminae I and V to noxious stimulation and to glutamate iontophoresis.
Our observations that at least one-third of lamina I and over one-half of lamina V projection neurons receive ENK contacts are consistent with the pharmacological data. ENK contacts were not restricted to a single morphological cell type and, similarly, ENK iontophoresis (Willcockson et al., 1984b) influenced different functional types of neurons in these laminae.
2130 Ruda et al. Vol. 4, No. 8, Aug. 1984 However, we observed a differential proximal distribution of ENK on projection neurons. The proximal dendrites of some cells received numerous contacts, whereas other cells had few ENK contacts or none at all. The proximal location of ENK on heavily innervated cells suggests that ENK modulates their total output. The likely ENK input on the more distal dendritic arbor may have a more local effect. These projection neurons often receive convergent input from different functional types of primary afferent neurons as well as input from intrinsic local circuit neurons and extrinsic neurons originating from supraspinal structures. We propose that the nonselective inhibition of low threshold and noxious input to many dorsal horn neurons (Duggan et al., 1977; Zieglgansberger and Tulloch, 1979; Willcockson et al., 1984b) by ENK may be related to such a high density of proximal inputs. Since primary afferent input occurs predominantly on dendrites rather than somata (Ralston, 1968 (Ralston, , 1979 Ralston and Ralston, 1979) , these ENK contacts would be strategically located to suppress the excitatory effects of postsynaptic currents originating on more distal portions of the dendritic tree. In contrast, neurons exhibiting more selective modulation of nociceptive input with minimal effects on nonnoxious inputs may have few proximal ENK contacts.
Thalamic projection neurons heavily innervated by ENK contacts on their somata and proximal dendrites also receive dense input from non-ENK terminals.
Since more than onehalf of lamina V thalamic projection neurons receive either ENK input or 5-hydroxytryptamine (5-HT) input (Ruda and Coffield, 1983) on their somata and proximal dendrites, some cells must receive input from both transmitters.
Similar to ENK, iontophoretically administered 5-HT also has predominantly an inhibitory effect on projection neurons (Jordan et al., 1979; Willcockson et al., 1984a) . In addition, some of the non-ENK terminals contacting thalamic projection neurons may arise from other descending inhibitory pathways known to project to the dorsal horn (see Dubner and Bennett, 1983 , for review). All of these findings suggest that more than one pharmacologically distinct inhibitory system synapses on the somata and proximal dendrites of some thalamic projection neurons.
Most of the large multipolar thalamic projection neurons in lamina V likely are wide dynamic range or nociceptive-specific neurons. We propose that the responses of these neurons are subject to considerable modulation by ENK and other transmitters and that this modulation may be related to behavioral contingencies such as attention, stimulus relevance, and motivation (Dubner et al., 1981; Hayes et al., 1981) . Medullary dorsal horn projection neurons in lamina V studied in the awake monkey exhibit behaviorally related as well as sensorydiscriminative responses. Some precisely code stimulus features, others respond only to behaviorally important stimuli and are not sensitive to stimulus features, while others exhibit both sensory coding and behaviorally related activity (Dubner et al., 1981; Hayes et al., 1981; Bushnell et al., 1984) . Large multipolar projection neurons with convergent primary afferent, intrinsic, and descending input are logical candidates for neurons involved in coding this behavioral information.
It is an oversimplification to conclude that these pharmacologically defined systems are only involved in analgesic mechanisms. ENK and 5-HT contacts are found on some dorsal horn projection neurons that receive input exclusively from low threshold mechanoreceptors and presumably are not involved in nociception (Dubner et al., 1983) . In addition, ENK-containing intrinsic dorsal horn neurons that provide input to projection neurons also participate in segmental reflex activity (Woolf et al., 1980; Chung et al., 1982 Chung et al., , 1983 . There also are reports that opioid peptides have effects on learning and memory processes that may involve spinal enkephalins (Koob and Bloom, 1982) . Other evidence indicates that 5-HT pathways produce increased motor neuron excitability and enhance organized motor behaviors associated with various stages of arousal (Trulson and Jacobs, 1979; Vandermaelen and Aghajanian, 1982) . It seems reasonable to propose that in preparation for such organized and learned motor behaviors, spinal circuits involving different neural transmitters produce suppression of extraneous, incoming sensory signals and segmental reflexes, thereby aiding an animal to extract behaviorally relevant information from its environment.
